We report an experimental investigation of the Cs D2 line-shape changes due to laser-induced optical pumping and collisions in a burr gas. A model dealing with the population of the groundstate hyper6ne levels, the pressure broadening in the presence of Ne, and the diffusion of the atoms outside the laser beam describes well the complex: line shapes.
I. INTRODUCTION
Three-level atomic systems present a rich variety of phenomena when excited by resonant or near-resonant radiation.
Among the stationary phenomena, optical pumping, i.e. , preparation of atoms in a well defined state, has been the subject of a large number of investigations. Thus it may be supposed that all the theoretical and experimental aspects of three-level spectroscopy would be well known. On the contrary, performing some very simple experiments of laser spectroscopy in the Doppler-broadened regime with a laser diode on a cell containing an alkali vapor, cesium, and buffer gas at low pressure, we observed a striking change in the behavior of the fluorescence signal as a function of the laser frequency. The maximum in the fluorescence signal did not appear when the laser was tuned to resonance with either of the two absorption lines associated to the hyperfine splitting in the ground state, but rather when the laser frequency was tuned to the center between the two hyperfine components, well outside the Doppler profile of each hyperfine component. This experimental observation finds its explanation in the hyperfine optical pumping into either of the two hyperfine ground-state levels: the maximum absorption, hence the maximum fluorescence, occurs when the hyperfine optical pumping into the two levels is equal. This competing effect of the hyperfine pumpings occurs for a pump laser tuned halfway between the two hyperfine components of the optical transition. As an alternative explanation, for a laser tuned into resonance with either of the two hyperfine transitions, hyperfine optical pumping into a state noncoupled with radiation takes place, and the absorptionfluorescence signal decreases. Such optical pumping will here be denoted as "dark state" optical pumping, while "bright state" optical pumping will be referred to a state always coupled with the radiation, producing maximum absorption and fluorescence. For an alkali atom with hyperfine splitting in the ground state, this bright optical pumping is achieved when the laser radiation produces equal excitation rates for the two ground hyperfine states. Its overall behavior depends on the eKciency of the hyperfine optical pumping, hence it may be observed very clearly in cells where the presence of buffer gas enhances the pumping.
An important result of our experimental observations on cesium vapor is that the maximum of the cesium optical pumping into the bright state is observed when the laser is detuned by 4 GHz off each hyperfine transition. Thus the fluorescence signal observed in a cesium cell containing buffer gas is originated by atoms absorbing very far in the wings of the absorption line shape. Comparing the Gaussian and Lorentzian line shapes, associated, respectively, with the Maxwell-Boltzmann velocity distribution and with the buffer gas collisional broadening, we derive that in the experimental conditions the Lorentzian collisional broadening is the main contribution for the absorbing atoms far in the line-shape wings. Thus the cesium atoms which contribute to fluorescence absorb laser radiation because, from the interaction with the buffer gas, they experience a modification in the energy separation of the atomic levels. This energy modification is ten times larger than the inhomogeneous broadening of the optical transition. The modification of atomic line shape by interaction with buffer gas, with a large energy shift of the atomic transition resulting from the interaction with buffer gas, has been well investigated in laser experiments using strong laser sources [1] . It is an interesting result of this experiment that using a laser source in the milliwatt range, it is possible to monitor these modifications.
Among the optical pumping experiments dealing with preparations of atoms into states either dark or bright, i.e. , noncoupled or coupled with radiation, it may be noticed that the term "bright line" has been already introduced in the case of a three-level system in A configuration interacting with two laser fields exciting atoms from the ground state to the excited one [2] , within the context of coherent population trapping [3] . It should be stressed that the two concepts, of "bright state" introduced here and that of "bright line" introduced previously, are quite different [4] [6] . Finally we are aware of modification in the saturation spectroscopy of sodium atoms reported in [7] , that could be explained on the basis of the optical pumping mechanism here analyzed. The modification in the fluorescence spectrum associated with bright state optical pumping is less evident in the case of sodium atoms, where the distance between the two hyperfine components is comparable to the Doppler linewidth. Thus for sodium the bright state pumping does not appear on the fluorescence spectrum at laser frequencies completely different from those of the expected absorption lines.
The influence of buffer gas, and neon specifically, on the absorption and optical pumping processes of cesium atoms, has been well studied, although, to our knowledge, no investigation of optical pumping into the bright state has been reported so far. For what concerns the absorption profile, very broad emission bands have been observed from microwave discharge excited mixtures of cesium vapor and low-density noble gas [8] , even at the low pressures of the present investigation. The presence of these absorption bands has no particular influence on the fluorescence spectra we report, except that it contributes to enhance the absorption probability for the ofF resonant excitation. For what concerns optical pumping, the addition of buffer gas is important for confining the alkali atoms within the region of interaction with the laser radiation and obtaining long interaction times with the radiation, before a depolarization process by collisions with the wall or with the buffer gas itself takes place [9] . Use will be made in our analysis of results derived in the optical pumping studies. In optical pumping with laser sources, small amounts of inert buffer gas produce velocity-changing collisions that allow a redistribution of the atomic velocities without reequilibrating the populations of the atomic levels. In this way velocity-changing collisions permit optical pumping of the entire Doppler distribution [10] . Velocity-changing collisions certainly play an important role in our experiment on the laser diode excitation of cesium atoms in the presence of low pressure buffer gas. The kernel for velocity-changing collisions in cesium has not been explicitly determined, but it may be supposed not very different from that recently determined on rubidium atoms in [11] . The velocitychanging collisions have not been precisely modeled in our theoretical analysis, but we have performed some
II. EXPERIMENT
Our experimental arrangement is shown in Fig. 1 . A laser diode, model STC LT-50A, with output in the several tens of milliwatts, has been used to excite the D2 resonance line of cesium. The diode laser was powered by a battery through a current regulation circuit, and its temperature stabilized to a 2 mK accuracy through a standard circuit [13] . [5] .
from the entrance window of the cell was focused, at right angles to the laser beam, on the horizontal entrance slit of a 1/3 rn monochromator equipped with an extended S-20 photomultiplier. For some experimental observations a horizontal slit was located near the cell in order to limit the fluorescence collected from the cell to the region directly illuminated by the laser. In the spectra reported here the monochromator was not scanned but was tuned
with slits wide open to the center of the D2 cesium line, in order to collect all the fluorescence light emitted by the atoms. We checked that in our experimental conditions the fluorescence emission on the Di line, or from high lying levels, was negligible.
The light transmitted through the cesium cell was detected by a silicon photodiode that monitored the absorption of light by cesium atoms in the cell. The main aim of the cesium absorption detection at very low laser power, a few microwatts, was to test that within the experimental accuracy, five parts in a thousand, the cells filled with difI'erent burr gas pressure contained the same cesium vapor pressure. The vapor density from standard tables is 1x10~atoms/cms at room temperature. From the measured small signal regime absorption, we have deduced that the 20 mm long detection region corresponded to a 0.4 absorption length. Thus the experiment was operated in conditions close to those where the radiation trapping phenomena could become important.
III. EXPERIMENTAL RESULTS
The cesium fluorescence emission was monitored at a given laser power, as a function of the laser diode frequency, for cesium cells containing no buff'er gas and Ne bufI'er gas at 1, 5 , and 50 Torr, respectively.
In the first part of the investigation the fluorescence light emitted by the cesium atoms near the entrance window of the glass cell was collected without spatial resolution in the direction transverse to the propagation one. The typical fluorescence observed in these conditions on the cell with pure cesium is reported in Fig. 2(a) . Scanning the laser frequency, the excitation spectrum presents the two Doppler-broadened transitions starting from the Eg=3 and 4 hyperfine levels of the ground state to the hyperfine levels of the excited 2P3y~s tate. The hyperfine structure of the excited state cannot be resolved in this Doppler-broadened spectrum, nor in those reported in the following. However, owing to the presence of the hyperfine structure and the optical pumping process between the ground-state levels, modifications in the shape of the Doppler-broadened fluorescence lines have been observed as a function of the laser power. For instance, the relative intensity of the total atomic fluorescence produced by the laser in resonance with the Eg=3 and 4 absorption lines depends on the laser power, and also on the laser frequency sweep rate, unless the sweep is very slow. We are not interested here in those line-shape modifications that we consider of minor scientific significance as compared to other ones.
When fluorescence detection without spatial resolution was performed on the cesium cell containing neon shape was obtained. At low laser power the fluorescence spectrum contains the two ground-state hyperfine structure lines, but increasing the laser power the spectrum presents drastic deformations, with a large background. Finally at large laser power, around. 100 mW/cm2 for the 5 Torr cell, that background becomes a Lorentzian line shape centered between the two hyperfine components, as appears in the spectrum of Fig. 3 .
The fluorescence signal in Fig. 3 , detected without any spatial resolution, originates from an extended region of the cell around the laser beam core. As a consequence, the line shape is distorted because weak light in the spatial wings of the laser beam causes as much fluorescence as the strong light in the beam core. Thus we have modified the experimental detection geometry by inserting the slit near the cell, as described in the experimental setup, to restrict the detection region to the part illuminated directly by the laser beam core, at least in the vertical dimension. The insertion of this slit has also been efI'ective in reducing the influence of radiation trapped light on the detected fluorescence spectrum. Moreover, in the final experimental setup we have used a laser propagation very close to the side walls since the self-absorption of fluorescence light in the horizontal propagation towards the monochromator entrance slit is reduced by a laser beam at grazing incidence near the side walls. In this configuration the hyperfi. ne optical pumping could be affected by the cesium wall collisions, but we have not observed any modification on the excitation spectra for small displacements of the laser beam. Thus the fluorescence detection was limited to a region with nearly uniform laser intensity, without modification introduced by radiation trapping.
With this experimental arrangement, we have obtained the fluorescence spectra reported in Fig. 2(b) , both for the cell without buffer gas and for the cells containing different pressures of buffer gas, at a fixed laser intensity, I = 400 mW/cm . The structures appearing in the spectra of Fig. 3 , and corresponding to the Dopplerbroadened hyper6ne absorption lines, are eliminated in the spectra of Fig. 2(b) , demonstrating that they are associated with phenomena taking place outside the region illuminated by the laser beam core. The spectra of Fig. 2 Fig. 2(b) , and the atomic transitions at the hyperfine frequencies have an intensity that, compared to that of the central resonance, is slightly larger than in the records of in the model through the decay parameters I'~3 and I'23 for the off-diagonal elements pia and p23 of the density matrix. These decay rates are proportional to the pressure p of the buffer gas.
The complete density matrix equations for the threelevel model system can be vmitten as [14) . contributes to Zeeman optical pumping, but not to the hyper6ne one. The first transition has a small probability, so that it is not relevant to the atomic evolution. For the linear polarization used in the present investigation, the Zeeman optical pumping on E~=4;; E =5 is not an e%cient process. The two remaining excited hyperfine levels E, =3 and 4 are coupled through the laser excitation to both hyperfine levels. For the experimental observations reported in this work, the coupling of the excited state to both ground hyperfine levels plays the key role. Thus in our simplified three-level model of cesium atoms analyzed by the density matrix approach, we will neglect the presence of the recycling transitions and will describe the excited hyperfine states as a single one, labeled as~3 ), see Fig. 6 . Furthermore the pump field interacts on both the transitions~1)::~3 ) and 2);:~3) from the ground hyperfine states~1 ) and~2 ). 
Thus the peak intensity depends on the laser intensity and on pressure in a simple way though we are dealing with a system where the optical transitions are saturated:
2rop) l p»oc /1+ (10) where we have introduced I' = roy. The result (8) cannot be obtained &om second-order perturbation theory although p33 appears to be proportional to the intensity of the pump, as reported in the experimental results of Fig. 5 . It may also be noted that although at low pressures p the detected signal (4) increases monotonically with pressure, there is the possibility that for large collisional widths, comparable to~2 », the signal would decrease. This follows from Eq. Fig. 2(b) for the dependence of the fluorescence on the buffer gas pressure. However, the theory predicts that the maximum is reached when the collisional width is comparable to u2» while in the experiment the maximum occurs at smaller collisional widths.
Thus we conclude that the fluorescence will exhibit resonance whenever the pump laser is tuned halfway between the two ground hyperf»ne levels. The width of this resonance is large and in fact is of the order of w2i/2. Note that the separation w2i/2m (9192.63 MHz) is much larger than the Doppler width 2D/27' (375 MHz) and thus this resonance will be practically unaffected by Doppler averaging. In principle this resonance should be seen even in the absence of collisions. However, in practice the transit time is not infinite and this results in the appearance of the peaks in fluorescence at L» --0 and Ai --w2i which are such that the peak at Ai --u2i/2 is not resolved. The collisions enhance [Eq. (10) ] the peak at u2i/2. Figure 7 shows this behavior. For no collisions and pq --0 (bottom curve), one has the broad resonance at Ai --u2i/2 which is lost, however, when we include the effects of finite transit time, p& --3.6 x 10 sA/2 for the cesium atoms through the laser beam for neon pressure p = 0. For buffer gas pressures greater than approximately p =0.5 Torr (the exact value depending on the intensity of the pump), the resonance at w2i/2 starts becoming resolved and becomes rather prominent at much larger pressures. It is to be noticed that the peak at Ai --u2i/2 is relatively broad and thus is expected to be rather unaffected by Doppler broadening. In each 382{j F. de Fig. 4 . The experiment has shown that the interplay of collisional line broadening and saturation leads to dramatic modifications in the fluorescence excitation spectrum. Our model, an improvement with respect to that of Ref. [5] , includes the laser saturation and takes into account the relaxation between the ground-state hyperfine levels due to the process of transit through the laser beam. As in the model and experiments on sodium atoms [5] [10] . For instance, for sodium atoms in the presence of low pressure argon buffer gas, with p between 0.2 and 2 Torr, it was shown that at pIL larger than 50 Torr mW/cm, the optical pumping in a dark state was nearly complete for all the velocity classes, with a thermalized velocity distribution.
Because the present cesium experiment operates in a range of pressure-intensity values satisfying this last relation, we have used the Mazwell-Boltzmann distribution to describe the atomic velocity occupation. It should also be noticed that the optical pumping in a bright state takes place for the laser frequency not in resonance with an atomic transition, where the deformation of the velocity distribution is smaller. We have performed another test for the velocity distribution by solving a rate-equation model where a slow velocity-changing collision process takes place and we have shown that for the broad structure in the fluorescence spectrum at the center between the two atomic transitions, the two extreme models with total thermalization and very weak velocity-changing process lead to nearly equivalent results. Still, for laser frequencies in resonance with the cesium transitions, difFerences are expected between the model with total thermalization and the experimental results. If the buffer gas pressure p is low, the hyperfine structure of the excited state may also play an important role and modifies the appearance of the fluorescence spectrum. Indeed the experimental results reported in Fig. 2(b) show that for the curve at the lowest buffer gas pressure, a large deformation of the fluorescence curve is observed around the atomic line, that cannot be described through the total thermalization model.
As a final point, we comment on the laser and atomic parameters required to produce the appearance of the broad central structure in the atomic fluorescence spectrum. From the theoretical analysis and the experimental results, it turns out that the key parameter leading to the broad fluorescence is the ratio between Rabi frequencies Oq, and 02 and the relaxation rate of the ground-state populations and coherence, i.e. , the transit rate pq. That ratio represents the number of optical pumping cycles taking place while an atom interacts with the laser radiation. If the ratio is large compared to 1, the atomic line shape is heavily distorted and the large central fluorescence is obtained. The Rabi frequencies increase with the laser intensity II"while the transit relaxation rate pq depends on the laser beam diameter and. the buffer gas pressure as given by Eq. (11) . For a 6xed laser diameter, the ground-state relaxation rate is basically inversely proportional to the buffer gas pressure. Thus the atomic line-shape distortion becomes more important when, all other parameters being constant, the buffer gas pressure or the laser intensity is increased (unless the pressure is high enough that collisions directly relax the population of the ground level).
